The reinitiation of DNA replication induced by a temperature shift in a dnaC(Ts) mutant of Escherichia coli was markedly inhibited by aminoglycoside antibiotics around the MIC in a short period. Protein synthesis continued for several minutes after the addition of aminoglycosides but was immediately blocked by chloramphenicol, suggesting that the inhibition of initiation of replication by aminoglycosides is not a secondary effect due to the interruption of protein synthesis. Aminoglycosides did not significantly affect RNA synthesis, suggesting that primer RNA synthesis for DNA initiation is not blocked by the agents. The lethal action of habekacin was observed simultaneously with the inhibition of DNA reinitiation. DNA elongation demonstrated with a dnaE(Ts) mutant or toluene-treated cells of a pol4 mutant was not significantly affected by aminoglycosides. The oriC-membrane complex formation was markedly interrupted by habekacin in the dnaC(Ts) mutant, and the in vitro reconstitution of the oriC-membrane complex was completely blocked by aminoglycosides. The present studies (i) show that aminoglycosides block initiation of DNA replication and (ii) suggest that the inhibition is caused by the interruption of orC-membrane attachment.
[14C]thymidine ( coli PC2, a dnaC(Ts) mutant, as described previously (33) , except that the restrictive and permissive temperatures used were 38 and 28°C, respectively, and the incubation period at the restrictive temperature was 60 min. The modification resulted in better recovery of DNA replication after the shift back to the permissive temperature. DNA elongation. An overnight culture of E. coli E486, the dnaE(Ts) mutant, grown at 30°C was diluted to approximately 6 x 107 cells per ml with the medium and incubated for 2.5 h. The culture was shifted to a restrictive temperature, 42°C, at a cell density of 4 x 108/ml, and then DNA replication was stopped immediately. After 10 min, the culture was shifted back to 30°C to allow DNA elongation.
DNA synthesis. The protein, RNA, and DNA synthesis experiments were performed by the method of Hanna and Carl (15) cubation for 5 min may be required for sufficient cellular uptake of habekacin (20) .
Effects on protein synthesis in DNA reinitiation.
[3H]leucine incorporation was rapidly blocked by chloramphenicol (100 ,ug/ml) in a simultaneous experiment with temperature shifts as described above. Habekacin, dibekacin, and gentamicin (10 ,ug/ml) inhibited protein synthesis after a lag of several minutes (Fig. 4) . The lag periods for the inhibition of leucine uptake and for the inhibition of DNA reinitiation were similar, suggesting that both of these steps are dependent upon a common prerequisite, presumably aminoglycoside transport. The results also suggest that the prevention of DNA reinitiation by aminoglycosides is not a secondary effect due to the inhibition of protein synthesis, because a more potent inhibitor of protein synthesis, chloramphenicol, did not significantly affect DNA reinitiation.
Effects on RNA synthesis in DNA reinitiation. The effects of habekacin and gentamicin on RNA and DNA syntheses were compared with those of chloramphenicol and rifampin in an experiment on DNA reinitiation (Fig. 5 ). Habekacin and gentamicin (10 ,ug/ml) both completely blocked DNA reinitiation without significantly affecting RNA synthesis. In a A . Effects of aminoglycosides and chloramphenicol on protein synthesis in a dnaC(Ts) mutant. E. coli PC2 was cultured as described in the legend to Fig. 1 . The antibiotic and [3H]leucine (10 ,uCi/ml) were added to the culture 5 min before the return to 28°C. Drug concentrations (micrograms per milliliter): chloramphenicol (CP), 100; habekacin (HBK), 10; dibekacin (DKB), 10 ; gentamicin (GM), 10. was almost completely inhibited by habekacin, dibekacin, and gentamicin when the antibiotic (concentration, 10 ,ug/ml) was added 5 min before the temperature was returned to 28°C, but initiation was not inhibited by streptomycin under those conditions (Fig. 1) . Chloramphenicol (100 ,ug/ml), an inhibitor of protein synthesis, did not significantly affect the reinitiation, suggesting that the inhibition of reinitiation by the aminoglycosides is not due to the suppression of protein synthesis (15) . Streptomycin did not inhibit the reinitiation, presumably because the cellular transfer did not occur, owing to a loss of ribosomal affinity for streptomycin in rpsL mutants (2) .
The dependency of the inhibition of DNA reinitiation on antibiotic concentration was studied with habekacin ( Fig. 2) . Habekacin completely blocked the reinitiation at a concentration of 10 ,ug/ml and moderately inhibited it at 5 ,ug/ml. The MIC was 6 ,ug/ml under the same conditions (data not shown). The results suggest a certain relationship of the inhibition of DNA reinitiation to the antibacterial activity.
The reinitiation of DNA replication was markedly prevented by habekacin (10 ,ug/ml), when added to the culture 5 or 10 min before the shift back to the permissive temperature, but it was not significantly affected when the drug was added simultaneously or after the shift back (Fig. 3) . Prein- Fig. 4 , and E. coli PC2 was cultured as described in the legend to Fig. 1 . The antibiotic was added to the culture before the return to 28°C. ( Fig. 6) . Habekacin killed the cells within several minutes, but chloramphenicol prevented cell growth without showing a lethal effect. The inhibition of DNA reinitiation seemed to be related to the bactericidal action, because both occurred simultaneously within a short period after the addition of habekacin. However, the precise relationship remains to be determined.
Effects on DNA elongation. As reported previously (33), habekacin as well as chloramphenicol does not significantly affect DNA elongation of the dnaC(Ts) mutant at a restrictive temperature.
The effect of aminoglycosides on DNA elongation was further studied with a dnaE(Ts) mutant, E. coli E486, in which the ot subunit of DNA polymerase III is thermosensitive (19) . A logarithmically growing culture was shifted from a permissive temperature (30°C) to a restrictive temperature (42°C), kept at 42°C for 10 min, and shifted back to 30°C. The antibiotics were added 5 min before the shift back. Habekacin, dibekacin, gentamicin, and chloramphenicol did not significantly affect DNA elongation (Fig. 7) .
DNA synthesis was not significantly affected by habekacin at a concentration of 10 or 100 ,u.g/ml in toluene-treated cells of a polA mutant, E. coli P3478, which presumably lacks DNA repair and initiation (4) ( Table 1) .
The above results suggest that aminoglycosides do not significantly affect DNA elongation.
Effect on oriC-membrane complex formation. In the initiation of replication, a DNA region around the initiation point, oriC, may bind to the cell membrane and the attachment may be mediated by several proteins (21, 24) . The oriCmembrane complex is partially dissociated into a membrane and an origin complex, consisting of oriC DNA (DNA carrying the oriC gene) and proteins, in EDTA solution, which prevents the degradation of DNA (21, 22) .
The effect of habekacin on oriC-membrane complex formation in vivo was studied by using the dnaC(Ts) mutant, which was treated by a shift back to a permissive temperature, pulse-labeling with [3H]thymidine, cell disruption, and EDTA-sucrose density gradient sedimentation. Formation of the oriC-membrane and the origin complex was significantly blocked by habekacin (20 pg/ml) (Fig. 8) . The inhibi-IA tion of the latter was more marked than that of the former.
Since the origin complex is released from the oriCmembrane complex in the presence of EDTA, the results suggest that habekacin interrupts the oriC-membrane attachment.
Effects on reconstitution of the oriC-membrane complex in vitro. The oriC-membrane complex obtained by the above procedure was separated into oriC DNA and membrane L fractions by CsCl density gradient centrifugation (16) . The oriC DNA and the membrane fractions were mixed together, and the reconstituted oriC-membrane complex was analyzed by sucrose density gradient sedimentation (21) . Habekacin (20 jLg/ml) completely blocked formation of the oriC DNAmembrane complex (Fig. 9) . The reconstitution was also inhibited by streptomycin, gentamicin, and kanamycin but not by chloramphenicol (data not shown).
DISCUSSION
The present studies have revealed that aminoglycosides inhibit initiation of DNA replication without affecting DNA elongation. The inhibition is not a secondary effect due to the interference with protein or RNA synthesis but may be due to the interruption of DNA-membrane attachment.
The role of the plasma membrane in the initiation of DNA replication has not been well established. The absence of DNA initiation in toluene-or phenethyl alcohol-treated cells supports the assumption that the membrane participates in the initiation of replication (4, 5, 17a, 26, 27, 34) . The dnaC product is involved in the attachment of the nucleoid to the membrane (28) . On the other hand, the results of in vitro experiments with oriC plasmids oppose this assumption (10, 23) . However, the membrane may be required for efficient initiation of replication of the E. coli chromosome. Our results seem to support the hypothesis that the attachment of oriC DNA to the membrane is required for initiation of chromosome replication.
Aminoglycosides show pleiotropic effects, including inhibition of ribosomal functions, membrane damage, and suppression of DNA initiation. However, a general inhibition of protein synthesis and an ability to cause codon misreading are not the specific reasons for the lethality (2, 14) . For instance, chloramphenicol and most other ribosomal inhibitors have a bacteriostatic effect, and ethionine, an amino acid analog (25) Since the dnaC(Ts) mutant recovers viability by a shift back from a restrictive temperature to a permissive temperature, the inhibition of replication initiation may be reversible (15) . However, the synergism of membrane damage, subsequent interruption of DNA initiation, and inhibition of protein synthesis may exert an irreversible effect, leading to cell death, as described above. The membrane damage results in a loss of permeability control for various materials (bases, nucleotides, P-galactoside, etc.) and bleb formation (17, 32) .
It was noted in the present experiment that DNA synthesis is resistant to streptomycin in the streptomycin-resistant mutant, owing to ribosomal alteration. The cells may lose their ability to take up streptomycin and, subsequently, their ability to show membrane disruption induced by the drug transfer because of a deficiency of energy-dependent phase 11 (2, 3) . Alternatively, protein synthesis resistant to streptomycin may repair the membrane damage.
Another hypothesis for cell killing by aminoglycosides is that the inhibition of DNA replication may induce SOS functions and result in cell death, as in the case of nalidixic acid. Nalidixic acid exerts its killing effect by the SOS response (7, 18) . Nalidixic acid inhibits DNA elongation by forming a complex with DNA and gyrase or topoisomerase. The inhibition induces the SOS reaction and consequently blocks cell division, leading to cell death. Both aminoglycosides and nalidixic acid are lethal and inhibit DNA replication and cell division. However, the mode of action of aminoglycosides seems to differ from that of nalidixic acid in several ways. (i) Nalidixic acid requires protein synthesis for the lethal action, and the SOS reaction needs newly synthesized protein to block cell division (12) . In contrast, aminoglycosides show a killing effect in the absence of protein synthesis. For instance, aminoglycosides kill auxotrophs in amino acid starvation and in the presence of puromycin, an inhibitor of protein synthesis (29, 36) . (ii) Nalidixic acid blocks both initiation and elongation of DNA replication, but aminoglycosides selectively inhibit DNA initiation. (iii) Nalidixic acid needs 30 to 60 min to exhibit a significant lethal effect, but aminoglycosides kill bacteria within several minutes (12) .
